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In eukaryotic cells, a DNA chain is folded thousands of times to fit the small volume of a cell nucleus. Although in textbooks this folding is commonly represented as a continuity of hierarchical structures (10-nm nucleosomal chain, 30-nm chromatin fiber, loops of the 30-nm chromatin fiber, etc.) the current results suggest that only irregularly folded 10-nm fibers are present in the nuclei of living cells (for a review, see refs. 1, 2 ). Recent advances in the study of genome topology using the high resolution chromosome conformation capture procedure (Hi-C 3 ) have made it possible to demonstrate that chromosomes of eukaryotes are partitioned into socalled Topologically Associating Domains (TADs). These domains are defined by the high contact probabilities of regions located within them but with decreased contact probabilities of regions located in different TADs. [4] [5] [6] [7] In mammals, TADs appear to be composed of smaller looped and ordinary domains. 8 TADs are separated by short border regions or longer inter-TADs. Partitioning of chromosomes into TADs is typical for different organisms, from unicellular ones to humans.
However, with an increase in genome complexity, the tendency for chromosomes to partition into TADs becomes more pronounced. For example, TADs are not observed in the gene dense and smaller genomes of Plasmodium and Arabidopsis, 9,10 whereas they are present in the larger genomes of mammals. 4, 5 The profiles of genome partitioning into TADs have been reported to be conserved between different types of cells and even between cells of related species, such as human and mouse. The borders of mammalian TADs and inter-TAD regions were found to be enriched in CTCF insulator protein binding and the promoters of housekeeping genes. 4, 5 TADs were also identified in Drosophila, 6,7 possessing a genome of a similar length but less gene dense than that of Arabidopsis. The borders of Drosophila TADs were also found to contain active genes and binding sites for insulator and architectural proteins such as CTCF and cohesin, suggesting the role of these proteins in the demarcation of TADs. 6, 7 However, the mechanisms underlying TAD formation remain obscure. Recently, we performed Hi-C analysis on 4 Drosophila cell lines of different origins. 11 Contrary to the previous studies, we did not observe a strong enrichment of TAD borders/inter-TADs with CTCF deposition sites, and instead another insulator protein Su (Hw) was preferentially present within the TADs. 11 However, Drosophila inter-TADs harbor active chromatin and constitutively transcribed (house-keeping) genes. The tissue-specific genes reside preferentially in TADs and their transcription appears to correlate with a partial de-compaction of the TADs. Interestingly, we found that the inter-TADs possess all the features previously attributed to decompacted interbands of polytene chromosomes 12 and their positions mostly correspond to the previously reported positions of the interbands. This observation is further supported by the recently published Hi-C analysis of Drosophila polytene chromosomes. 13 We propose that TADs are self-organized condensed chromatin domains depleted in active chromatin marks that are separated by regions of active chromatin. 11 The latter is poorly folded into compact structures because of the high level of histone acetylation. According to our model, the interaction of nucleosomes plays a key role in the chromatin partitioning into TADs. Nucleosomes as a whole are negatively charged repulsing units. However, histones are positively charged, and positively charged histone tails present on a nucleosome may interact with negatively charged sites on another nucleosome (such as an H2A/H2B acidic patch 14 or DNA chain 15 ), thus bridging 2 nucleosomes together and forming a compact tertiary structure of a nucleosomal array. Acetylation of the histones present in active chromatin regions diminishes the positive charge of their tails, thus preventing the nucleosomes from clumping together with each other. 14, 16 A similar effect may be caused by histone ubiquitylation. 17 Moreover, the presence of both acetylation and ubiquitylation gives a synergistic effect on chromatin fiber decompaction. 17 Noteworthily, we observed an enrichment of both these epigenetic marks inherent to active chromatin at TAD borders and in inter-TADs ( Fig. 1 and ref.   11 ). It may be also relevant that TAD borders and inter-TADs are depleted in linker histone H1, which is known to participate in chromatin compaction, and in the core histones. 11 This may reflect the increased histone turnover in the actively transcribed regions and the presence of nucleosome depleted regions in the genome regulatory elements. A disturbance in the regularity in nucleosome positioning and a decreased compensation for the negative charge of DNA caused by partial dissociation of the histones could contribute to the decompaction of chromatin within inter-TADs.
CONTACT
Taking into consideration the ability of nucleosomes of repressed chromatin to establish short-lived interactions with each other and the absence/reduction of this ability in the nucleosomes of active chromatin, we performed a computer simulation of the folding of a chromatin fiber, represented by beads on the string, partitioned in blocks of "inactive" and "active" nucleosomes. The polymer collapsed in a series of condensed blobs (analogous to TADs), consisting mostly of "inactive" nucleosomes separated by relatively stretched spacers (analogous to inter-TADs) of "active" nucleosomes. 11 In this simulation, each "inactive" nucleosome was allowed to establish only one interaction with another nucleosome at a time (saturated interactions). Collectively, the results of our study strongly suggest that the ability of "inactive" nucleosomal arrays for self-aggregation and the lack of such ability in "active" arrays are sufficient for the 3D-spatial segregation of these types of chromatin.
In principle, "active" arrays tend to be extruded from compact structures formed by longer "inactive" arrays. The final configuration of the polymer will strongly depend on the distribution of "active" and "inactive" arrays along a linear polymer chain. In our original modeling, the blocks of 500 "inactive" nucleosomes were interspersed by blocks of 50 "active" nucleosomes. Simulation of this polymer folding resulted in a characteristic pattern of compact TADs separated by unfolded interTADs. 11 However, the insertion of short arrays of "active" nucleosomes into a long region composed of "inactive" (self-interacting) monomers results in the formation of a similar compact TAD covered by extruded "active" arrays ( Fig. 2A, middle globule) . This may give a key to understanding the mechanism of the formation of TADs assembled from "inactive" nucleosomes with various insertions of active chromatin. Here, small active regions are looped out from the TAD globule, whereas long active regions form linkers between different TADs. The location of active genes at the TAD surface may facilitate transcription and RNA release to the interchromatin channels. This model is in agreement with the microscopy studies suggesting that interphase chromosomes are organized in a series of »1 Mb globular domains immersed in the interchromatin compartment, 18 and that transcription occurs in the perichromatin region at the surface of the condensed chromatin domains. 19, 20 FISH staining of individual TADs supports the supposition that TADs correspond to globular chromatin domains. 4, 21 A layer of "active" (non-interacting) nucleosomes on the surface of an "inactive" TAD core would insulate this core from occasional interaction/intermingling with other TADs.
The proposed model suggests that active enhancers that are transcribed, bear active chromatin marks and colocalize with nucleosome depleted regions, [22] [23] [24] [25] should also be extruded to the TAD surface. This may facilitate enhancer-promoter communication as the search for a target promoter would occur in the chromatin shell surrounding TAD, where the mobility should be much faster.
One of the important observations of our polymer modeling is that the structure of TADs in individual cells can differ significantly. In individual simulations, we were able to detect the fusion of TADs, their assembling into large aggregates (mega-TADs), the destruction and splitting of TADs into smaller blobs (sub-TADs), as well as the formation of long-range contacts.
11 Strikingly, averaging the contact maps for individual simulations Figure 1 . Distribution of the ubi-H2B chromatin mark around TAD borders in 3 Drosophila cell lines. Box-plots show the density of ubiquitylated histone H2B in 20-kb bins located at the same position relative to a TAD boundary, averaged over all TADs. The TAD boundaries were aligned so that the inter-TAD bins were placed to the left of the boundary bin ("0 kb" bin) and TAD bins were placed to the right of the boundary bin. The data on the ubi-H2B mark were downloaded from the modENCODE database and processed as described in ref.
11
. Figure 2 . Computer simulation of the folding of a linear polymer composed of blocks of "inactive" and "active" nucleosomes. (A) One of the predicted spatial configurations of the polymer arranged as follows: 1000A-100B-(100A-10B)£10-100B-1000A, where A is the "inactive" nucleosomes (green) and B is the "active" nucleosomes (black). The simulation was done using the dissipative particle dynamics (DPD) algorithm, as described in ref. 11 , with the only difference being that the conformation was evaluated during the time of 1£10 6 DPD steps. (B) Spatial proximity map (distance heat map) of the polymer conformation presented in (A) (note, the scale is in beads). A scheme of the model polymer is presented below the map; blocks of "inactive" and "active" nucleosomes are shown in green and black, respectively.
erased the information about this diversity and produced a regular pattern of TADs, each represented by a single block of "inactive" nucleosomes. These results are in line with the published single-cell Hi-C data, which demonstrated cell-to-cell variability in the structure of individual chromosomes. 26 However, resolution of the singlecell Hi-C analysis performed so far is not sufficient to track the individual TADs.
The loop extrusion model was recently proposed to direct chromatin compaction in mammals. 27 The borders of extruded loops are thought to be established by CTCF/cohesin binding. The convergent CTCFbinding motifs were indeed found at many mammalian TAD borders. 8 Moreover, the causative role of CTCF-binding sites in the establishment of TAD borders in mammals was demonstrated using CRISPR/ Cas9-based deletions and inversions of these sites. 28 We note that in all these cases, the CTCF-mediated loops at TADs borders gave bright contact spots in the tops of triangles, reflecting self-interacting domains in the heat maps. Such bright spots were not detected in the tops of TADs in Drosophila cells. 6, 7, 11 Therefore, currently there is no evidence supporting the existence of such a mechanism in Drosophila.
In conclusion, we suggest that the basic principle of chromatin self-partitioning into TADs is based on the different properties of "active" and "inactive" types of nucleosomal arrays. This mechanism appears to work almost in "pure form" in Drosophila. In mammals, the mechanism of TAD formation is probably more complex. Loop extrusion and demarcation of the loop borders by CTCF/cohesin binding play an essential role in the generation of TAD patterns. One of the current models proposes that TADs are generated due to the presence of TAD-specific sets of communicator proteins which bridge their target sites within a TAD. 29, 30 However, currently there is no evidence for the existence of TAD-specific sets of communicator proteins. In our opinion, communicator proteins may rather ensure functionally-dependent shaping of TADs generated by aggregation of nucleosomal arrays. The structure of TADs can also be modulated by DNA supercoiling. In a recent study, it was shown that transcriptionally inactive chromatin is topologically overwound and forms compact large scale cromatin structures, whereas transcriptionally active chromatin is underwound and characterized by a more decompacted structure. 31 Including supercoiling into models of topological domains allows a much better recapitulation of the experimentally determined Hi-C data. 32 Enzymes mediating DNA supercoiling (RNA polymerase, DNA topoisomerases) can work in cooperation with "loop extrusion machines" 28 to create a characteristic TAD structure. Nevertheless, it is likely that interactions of the nucleosomes underlie all the proposed mechanisms of TADs formation. Indeed, the compaction of extruded chromatin loops will still be directed by simple physical laws and will proceed via interaction of the nucleosomal particles.
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